Sea turtles nest on sandy beaches and tend to show high "delity to speci"c nesting areas, but, despite this "delity, the inter-annual variation in nesting numbers may be large. This variation may re#ect the fact that turtles do not usually nest in consecutive years. Here, theoretical models are developed in which the interval between successive nesting years (the remigration interval) re#ects conditions encountered on the feeding grounds, with good feeding years leading to a reduction in the remigration interval and vice versa. These simple models produce high levels of inter-annual variation in nesting numbers with, on occasion, almost no turtles nesting in some years even when the population is large and stable. The implications for assessing the size of sea turtle populations are considered.
Introduction
The assessment of the size of populations is a fundamental component of conservation biology. There are, however, a number of reasons why this task is often not trivial, perhaps most importantly because individuals may be wide ranging and di$cult to observe or sample. For marine animals, these problems may be particularly acute because individuals can move over thousands of kilometers and remain submerged for long periods of time. For instance, well-known examples where population estimates are tentative occur within groups, such as cetaceans, which spend their entire lives in the water (e.g. Leopold et al., 1992) .
In theory, marine turtles might be expected to provide a more tractable problem for the assessment of population size because females come ashore to nest on speci"c beaches and at speci"c times of the year. However, while the counting of nesting females or their tracks is simple, the resulting data on the size of nesting populations often show considerable inter-annual variation and are consequently di$cult to interpret (e.g. Carr et al., 1978; Richardson & Richardson, 1995) . Most importantly, it is often impossible to identify whether population sizes are declining, stable or increasing.
It has been suspected, although never examined quantitatively, that this variability in the number of turtles nesting in particular years may simply re#ect the fact that females generally do not nest in consecutive years (Carr & Carr, 1970; Carr et al., 1978) . The remigration interval for marine turtles, i.e. the interval between years in which an individual is observed nesting, has been quanti"ed for many populations and species by tagging individuals, and, depending on the particular population, typical remigration intervals of between 2 and 5 years have been widely reported (e.g. Hughes, 1995) . As such, the variation in the annual number of nests may simply re#ect individuals returning with variable remigration intervals. For example, many years ago, Archie Carr suggested that good feeding conditions in the Caribbean might lead to a reduction in the remigration interval from 3 to 2 years for turtles nesting in Costa Rica and that this might explain years in which nesting numbers were particularly high (Carr & Carr, 1970) . In support of this hypothesis, Carr & Carr (1970) reported instances of individual turtles switching from 3 to 2 year remigration intervals and vice versa. Here, I provide a theoretical framework for testing Archie Carr's hypothesis. I model a number of scenarios of turtles returning to nest with variable remigration rates and consider the implications for interannual variability in the number of nesting individuals. I consider cases where the remigration interval may be reduced or extended, for example because of unusually good or bad conditions on the feeding grounds, and the e!ects that this would have on the number of nesting individuals. As such this study will alert conservationists to the possible mechanisms underlying inter-annual variability in marine turtle stock assessments.
Methods

INITIAL MODEL DEVELOPMENT (MODEL 1)
I initially modelled the remigration interval of turtles as a simple stochastic process. For simplicity, I assumed "rst that turtles would return to nest with a remigration interval of either 3 or 4 years and that the probability of each of these two events was 0.5. These remigration intervals correspond approximately with the measured remigration interval for green turtles (Chelonia mydas) on Ascension Island (Mortimer & Carr, 1987) . These probabilities were maintained for each individual for each of its visits to the nesting beach. The "rst nesting year for each turtle was randomly selected as one of the years 1900, 1901, 1902, 1903 or 1904 and, I then re"ned the assumption that the remigration interval was a simple stochastic process. With this re"nement, the remigration interval could be dictated by conditions on the feeding grounds and these conditions could vary from one year to another. Good feeding conditions would lead to a reduction in the remigration interval and vice versa. This was parameterized in the following way. For each year, the feeding conditions could be below average (feeding condition index"0), average (feeding condition index"1), or above average (feeding condition index"2). Between the years that a female nested and was due to re-nest subsequently, the mean feeding condition index was calculated. If this mean index was(1, it was assumed that turtles would re-nest 1 year later than expected and similarly if this index was'1 it was assumed that the turtle would return 1 year earlier than expected. For example, model 1 might calculate that an individual would nest in 1950 and 1954 (i.e. a remigration interval"4 years). Model 2 would calculate the mean feeding conditions in 1951, 1952 and 1953 from which the remigration interval would be shortened, lengthened or left the same as appropriate.
Two di!erent levels in the variability in feeding conditions were used. In model 2a, the probability of an average feeding year was 0.9 and the probability of bad or good years were both 0.05; in model 2b these probabilities (average year, bad year and good year, respectively) were 0.8, 0.1 and 0.1, i.e. model 2b represents a greater level of inter-annual variability in feeding conditions than model 2a. Each of models 2a and 2b was implemented for stable populations consisting of 100, 500, 1000, 2000 and 5000 female turtles and for each population size each model was run ten times.
Results
INITIAL MODEL DEVELOPMENT (MODEL 1)
The relative inter-annual variation in the number of females nesting each year was calculated by "rst expressing the number of individuals nesting each year as a percentage of the longterm mean and then calculating the standard deviation of these annual values of relative abundance. The initial model of a simple stochastic process determining the remigration interval showed that the relative inter-annual variation in nesting numbers decreased as the population size increased (Fig. 1) . For example, when there were 100 females in the population, the relative interannual variation in nesting numbers averaged 14.7%, i.e. on average, in 95% of years the number of nesting females varied between 71 and 129% of the long-term mean; while when there were 2000 females in the population, the relative inter-annual variation in nesting numbers decreased to an average of 3.6%, i.e. on average, in 95% of years the number of nesting females varied between 93 and 107% of the long-term mean.
Representative examples of the inter-annual variability in nesting numbers from model 1 are shown in Fig. 2 that when there were 100 females in the population, the range in the annual nesting numbers was between 18 and 37 individuals (the calculated relative inter-annual variation was 15.7% in this model run); while for a population size of 2000 females this range was between 530 and 608 individuals (the calculated relative inter-annual variation was 3.3% in this model run).
REMIGRATION INTERVAL REFLECTING FEEDING CONDITIONS (MODEL 2)
The overall impact of variable feeding conditions on the remigration rate was to increase the inter-annual variation in the numbers of nesting females. Furthermore, as the inter-annual variability in feeding conditions increased (i.e. moving from model 2a to model 2b), the relative interannual variation in nesting numbers grew larger. Interestingly, for both of the variable feeding condition models, the relative variation in nesting numbers did not decrease with larger population sizes (Fig. 1) . For example, in model 2b, the relative inter-annual variation in nesting numbers was about 50% for all the population sizes, i.e. in 95% of years the number of nesting females varied between about 0 and 200% of the longterm mean (Fig. 1) .
Some representative examples of the interannual variability in nesting numbers from model 2b are shown in Fig. 2(c) and (d). In these examples (which helps to illustrate, in absolute terms, the increase in inter-annual variability in nesting numbers between models 1 and 2), when there were 100 females in the population, the range in the annual nesting numbers was between 1 and 68 individuals (the calculated relative interannual variation was 45.7% in this particular model run); while for a population size of 2000 females this range was between 1 and 1329 individuals (the calculated relative inter-annual variation was 58.9% in this run of the model).
FREQUENCY DISTRIBUTION FOR REMIGRATION INTERVALS GENERATED BY DIFFERENT MODELS
As the inter-annual variability in feeding conditions increased (i.e. going from model 1 to model 2b), so the range of remigration intervals increased. For example, in model 1, by de"nition, all remigration intervals were either 3 or 4 years. However, in model 2a, some 3-year remigration intervals are reduced to 2 years due to good feeding conditions, while some 4-year remigration intervals are increased to 5 years due to poor feeding conditions. As the inter-annual variation 224 in feeding conditions increased (i.e. moving from model 2a to model 2b) so the proportion of these 2 and 5 years remigration intervals became greater (Fig. 3) . For comparison, the observed remigration intervals for green turtles tagged at Ascension Island are also shown [ Fig. 3(d) ]. It can be seen that models 2a and 2b closely reproduce the observed pattern of remigration intervals.
Discussion
While it has been implied for a long time that variation in the remigration intervals of female turtles may lead to inter-annual changes in the numbers nesting (e.g. Carr & Carr, 1970; Carr, 1975; Bjorndal et al., 1999) , this hypothesis has not been tested explicitly. The models implemented here act as starting points to illustrate the extent of inter-annual variability in nesting numbers that can be produced by variable remigration intervals. My intention is not to model precisely the scenarios that might occur for all the di!erent nesting populations around the world. Instead, I have tried to illustrate what I feel are important concepts. My hope is that the techniques outlined here will be tested by investigators for their own time-series of nesting numbers with speci"c parameterization, for example in terms of the probabilities of di!erent remigration intervals, being implemented for their particular populations.
I constructed the models in such a way that they directly test Archie Carr's assertion that changes in remigration rates may have an impact on nesting numbers. The development of more sophisticated, and possibly more realistic, models are feasible. Remigration intervals of several years presumably re#ect the fact that turtles must attain some threshold body condition prior to migration. Short of this threshold, turtles might not migrate either (a) because they have insu$-cient energy reserves to complete the migration, or (b) they have insu$cient energy reserves to lay several clutches and hence their transport costs per clutch will be high. On the feeding grounds the body condition of individuals might therefore be conceptualized as varying between zero (i.e. a turtle that has just completed its migration following a nesting season) and one (i.e the threshold above which the individual migrates to nest). An individual's body condition will increase between these two levels while it remains on the feeding grounds, with the gradient of the body condition increasing with time dictating the remigration interval. For example, when the increase in body condition with time is more gradual, then the remigration interval will be longer and vice versa. However, while body condition thresholds required prior to nesting have been quanti"ed in some groups, such as snakes (Madsen & Shine, 1999) , such thresholds have not yet been measured in sea turtles. Nevertheless, the development of more sophisticated models of this type will not change the key "nding of this study, i.e. that inter-annual variability in feeding conditions, by changing the remigration rate of individuals, can dramatically a!ect the numbers of turtles nesting in di!erent years, i.e. Archie Carr was correct with his hypothesis proposed over 30 years ago (Carr & Carr, 1970) .
The parameterization of the models that I have made, while clearly not exhaustive, serves to illustrate the range of patterns in nesting numbers that might be observed under di!erent scenarios. Model 1 assumes that the remigration interval for each individual could be modelled as a simple stochastic process. In biological terms, this scenario might occur, for example, if individuals disperse to widely separated feeding grounds and the particular conditions on each feeding ground varied independently and stochastically. The important points that emerged from this model were that (a) inter-annual variation in nesting numbers was relatively low, and (b) the relative inter-annual variation decreased at larger population sizes. Models 2a and 2b assumed that there were years in which feeding conditions were particularly good or poor throughout the feeding grounds and that these conditions directly a!ected the remigration interval. In biological terms this scenario might apply where (a) all individuals within a population migrated to a spatially restricted feeding area where local conditions varied from 1 year to the next, or (b) individuals migrated to widely separated feeding areas but the conditions over this entire area varied in line with one another. The latter scenario might occur where, for example, feeding conditions are linked to large-scale weather patterns. The important POPULATION SIZE IN MARINE TURTLES implications of models 2a and 2b are that they showed (a) the interannual variation in nesting numbers was much higher (b) the relative level of inter-annual variation remained constant with population size. So, have any of these modelled patterns been seen in natural populations?
A long-standing monitoring programme exists for green turtles nesting at Tortuguero, Costa Rica. The inter-annual variation in the number of nests at this site has been huge, with, for example, the number of nests along an 8 km section of beach being (500 in 1977 (500 in and'2500 (500 in in 1978 (500 in (Meylan, 1995 . In theory, changes in the number of clutches laid by each individual during a season (i.e. clutch frequency), could result in a di!erent number of nests being produced by the same number of turtles. However, there is no evidence that clutch frequency in marine turtles can change in this way between years. This observed inter-annual variation in the number of nests at Tortuguero can readily be explained by model 2. Since the green turtles nesting at Tortuguero disperse throughout the Caribbean, the implication is that the feeding conditions over this wide area vary systematically. The inference that conditions may change between years throughout the foraging grounds of populations is supported by discoveries in several biological systems of climatic forcing over large spatial scales. For example, the North Atlantic Oscillation (NAO) has been linked to inter-annual variation in the biology of a large number of widely separated terrestrial and aquatic systems in northern Europe (e.g. Milner et al., 1999; Post & Stenseth, 1999; Straile, 2000) . Similarly, the El Nino South Oscillation (ENSO) is known to have impacts throughout the Paci"c, and even beyond, and has been shown to a!ect the growth of marine vertebrates (e.g. Wikelski & Thom, 2000) . Furthermore, there is good empirical evidence for a link between weather indices and nesting numbers in marine turtles, with the number of green turtles nesting at Heron Island and Raine Island in Australia being signi"cantly correlated with indices of the ENSO 2 years previously (Limpus & Nicholls, 1988) . The interaction between weather and the feeding conditions of turtles might occur in a number of ways, e.g. through an e!ect on the availability of prey, or via an e!ect on water temperature (Davenport, 1997) . Long-term studies which assess inter-annual variability in conditions on feeding grounds (e.g. Bjorndal et al., 2000) may shed further light on this interaction between weather and the change in body condition of turtles.
Remigration intervals are measured in natural populations by #ipper tagging females and then attempting to locate them nesting in subsequent years. Since females can be missed by beach patrols, an artefact of this approach is that unrealistically long remigration intervals can be measured. For example, at Ascension Island, measured remigration intervals of 6 or more years probably re#ect individuals being &&missed'' by observers on a nesting visit during the interim (Mortimer & Carr, 1987) . Interestingly, the models which assumed variable feeding conditions, produced frequency distributions for remigration intervals that closely matched the observed pattern at Ascension Island, with both observations and models showing a predominant remigration interval of 3 or 4 years, but with some individuals returning after 2 years and some after 5 years. This similarity between the models and observations provides con"dence in the general framework of these models.
The model results have important implications for attempts to assess the size of turtle populations and long-term trends. If, as appears to be the case, some form of the variable feeding conditions model applies, then the size of the population will not a!ect the level of inter-annual variability in nesting numbers. Most importantly for the assessment of population size, even in stable populations, there may be years in which almost no turtles nest or alternatively there may be years in which nesting numbers are much higher than average. This means that care must be taken when interpreting unusually high or low nesting numbers. In order to detect population changes, long-term monitoring is required. This can take two forms. First there are studies when annual estimates are made of nesting numbers and these studies continue for decades (e.g. Bjorndal et al., 1999) . A second approach, where resources are more limited, is to make annual assessments more sporadically, but again over a long time scale. For example, long-term trends in the numbers of freshwater turtles nesting in Maryland, USA, have been identi"ed by 226 conducting an annual census every 10 years over a 50-year period (Hall et al., 1999) .
In summary, this modelling exercise suggests that high levels of inter-annual variability in nesting numbers can be explained by simply assuming changes in the remigration intervals associated with good or bad feeding conditions. I would urge parameterization of these types of models for speci"c nesting populations where remigration intervals and long-term "gures for nesting numbers are known.
